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Thalamic nucleiThe thalamus is a deep gray matter structure and consists of axonal ﬁbers projecting to the entire cortex, which
provide the anatomical support for its sensorimotor and higher-level cognitive functions. There is limited in vivo
evidence on the normal thalamocortical development, especially in early life. In this study, we aimed to investi-
gate the developmental patterns of the cerebral cortex, the thalamic substructures, and their connectivity with
the cortex in the ﬁrst few weeks of the postnatal brain. We hypothesized that there is developmental synchrony
of the thalamus, its cortical projections, and corresponding target cortical structures.We employed diffusion ten-
sor imaging (DTI) and divided the thalamus into ﬁve substructures respectively connecting to the frontal,
precentral, postcentral, temporal, and parietal and occipital cortex. T2-weighted magnetic resonance imaging
(MRI) was used to measure cortical thickness. We found age-related increases in cortical thickness of bilateral
frontal cortex and left temporal cortex in the early postnatal brain. We also found that the development of the
thalamic substructures was synchronized with that of their respective thalamocortical connectivity in the ﬁrst
few weeks of the postnatal life. In particular, the right thalamo-frontal substructure had the fastest growth in
the early postnatal brain. Our study suggests that the distinct growth patterns of the thalamic substructures
are in synchrony with those of the cortex in early life, which may be critical for the development of the cortical
and subcortical functional specialization.
© 2015 Elsevier Inc. All rights reserved.Introduction
The thalamocortical circuitry stems from the thalamus, a deep gray
matter structure that relays and modulates information to and from
the cortex. The thalamocortical circuitry undergoes rapidmorphological
growth to adapt to the needs of numerous sensorimotor, cognitive, and
attentional functions in early life (Gilmore et al., 2012; Holland et al.,
2014; Qiu et al., 2013). Thalamocortical dysconnectivity, both structural
and functional, has been implicated in children with autism spectrum
disorder (Nair et al., 2013), attention deﬁcit hyperactivity disorder
(ADHD; Bush, 2011; Van Ewijka et al., 2012), and schizophreniangineering, National University
Singapore 117576, Singapore.
elopmental synchrony of thal
9(Jones, 1997;Woodward et al., 2012). Abnormal thalamic development
has also been found in preterm infants (Ball et al., 2012; Srinivasan et al.,
2007), and survivors often suffer from cognitive and behavioral deﬁcits
and have an increased risk of developing autism and ADHD (D'Onofrio
et al., 2013; Delobel-Ayoub et al., 2009). It has therefore been suggested
that the thalamocortical circuitry might be neural substrates for under-
standing thebiological origin of neurodevelopmental disorders (Marlow
et al., 2005; Tillman et al., 2008). Hence, establishing a baseline for nor-
mal development of the thalamocortical circuits in early life is clinically
relevant to understanding which characteristics of thalamocortical
development may be selectively vulnerable to injury and leads to
neurodevelopmental disorders.
The development of thalamocortical connections starts prenatally
and continues into the neonatal period, which has been demonstrated
by histochemical studies in the human newborn cortex (Mrzljak et al.,
1988). Abnormal prenatal thalamic development is associated withamocortical circuits in the neonatal brain, NeuroImage (2015), http://
2 J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxchanges in structural alterations of the thalamocortical white matter
and afﬁliated cortex, suggesting a close relationship among the thala-
mus, cortical structures, and white matter tracts connecting them. In
preterm infants, reduced thalamic volume was found to be correlated
with reductions in both the microstructure of the thalamic radiations
(afferents to the cortex) and the cortical volume (Ball et al., 2012).
This suggests a possibility that tissue volume in the thalamus and cortex
reﬂects the thalamocortical connectivity, and is dependent on the
growth and integrity of the white matter tracts connecting them. The
mediodorsal thalamic volume has been implicated in schizophrenia
neuropathology, and it has been speculated that decreases in its activity
during early development, before the age of 2 years, could result in a
loss of synaptic drive to the prefrontal cortex, leading to a decrease in
prefrontal synaptic density (Ferguson & Gao, 2015; Huttenlocher,
1979). This hypoinnervation may underlie possible mechanisms of cor-
tical gray matter reductions that have been observed in schizophrenic
patients in adulthood. In addition, previous diffusion tensor imaging
(DTI) studies showed that an increase in fractional anisotropy (FA)
and decreases in axial diffusivity (AD) and radial diffusivity (RD) in
the thalamus is in parallel with an increase FA in thalamic radiations,
major white matter tracts for the thalamocortical connection (Aeby
et al., 2009; Qiu et al., 2013). Altogether, there seems to be synchronous
development among the thalamus, cortex, and their connectivity.
Currently, understanding the normal development of the thalamus
in early life is limited as thalamic size is largely assessed using tradition-
al methods such as T1-weighted and/or T2-weighted magnetic reso-
nance imaging (MRI) and its microstructure is largely assessed using
DTI. However, the thalamus is a fairly complicated structure and con-
sists of axonal ﬁbers projecting to the entire cortex, which provide the
anatomical support for its numerous functions, including sensory and
motor functions, as well as high-level cognition (Sherman, 2007).
Based on the pattern of this widespread thalamocortical connections,
the thalamus can be further divided into substructures that are com-
posed of nuclei clusters (Herrero et al., 2002; Sim et al., 2006). However,
there is limited in vivo evidence on the normal development of individ-
ual thalamic substructures, partly because of the lack of any distinction
on their appearance on T1- and T2-weighted MRI data. Moving beyond
early structural imaging studies on size, investigations of the thalamus
can also be beneﬁted by using other imaging-based methods such as
DTI. Behrens et al. (2003) showed that using DTI tractography classiﬁca-
tion of the thalamic gray matter, based on the thalamocortical connec-
tivity patterns, have revealed distinct substructures whose locations
correspond to thalamic nuclei described previously in histological
studies.
In this study, we aimed to investigate the developmental patterns of
the cerebral cortex in terms of cortical thickness, as well as the thalamic
substructures and their respective connectivity with the cortex in the
ﬁrst few weeks of the postnatal brain. We employed DTI and divided
the thalamus into 5 substructures respectively connecting to the frontal,
precentral, postcentral, temporal, and parietal and occipital cortex. The
cortical development was characterized by cortical thickness assessed
using T2-weighted MRI. The thalamocortical connectivity was mea-
sured using DTI. Based on the aforementioned ﬁndings, we therefore
hypothesized that even shortly after birth, the growth pattern of
the thalamic substructures is parallel to that of their respective
thalamocortical connectivity and corresponding cortical structures.
Materials and methods
Subjects
One-hundred and eighty-nine infants of mothers who participated
in the prospective GUSTO birth cohort study were recruited for neuro-
imaging. The GUSTO cohort consisted of pregnant Asianwomen attend-
ing the ﬁrst trimester prenatal ultrasound scan clinic at the National
University Hospital (NUH) and KK Women's and Children's HospitalPlease cite this article as: Poh, J.S., et al., Developmental synchrony of thal
dx.doi.org/10.1016/j.neuroimage.2015.03.039(KKH) in Singapore. The parents were Singapore citizens or Permanent
Residents of Chinese, Malay, or Indian ethnic background. Mothers on
chemotherapy, psychotropic drugs, or with type I diabetes mellitus
were excluded. Onlywomenwho agreed to donate birth tissues includ-
ing cord, placenta, and cord blood at delivery were included. The cohort
inclusion and exclusion criteria were described in Soh et al. (2014).
The GUSTO cohort study was approved by the National Healthcare
Group Domain Speciﬁc Review Board (NHG DSRB) and the SingHealth
Centralized Institutional Review Board (CIRB). Written consent was
obtained from mothers. Birth outcome and pregnancy measures were
obtained from hospital records. This study included neonates whose
postmenstrual agewas of at least 35weeks, birth weight equal or larger
than 2500 g, and a minimum 5-minute APGAR score of 9.
MRI acquisition
At 5 to 17 days of life, neonates underwent fast spin-echo T2-
weighted MRI and single-shot echo-planar DTI images using a 1.5-
Tesla GE scanner at the Department of Diagnostic and Interventional
Imaging of the KKH. The images were acquired when subjects were
sleeping in the scanner. No sedation was used and precautions were
taken to reduce exposure to the MRI scanner noise. A neonatologist
was present during each scan session. A pulse oximeter was used to
monitor heart rate and oxygen saturation throughout the entire session.
The imaging protocols included (i) fast spin-echo T2-weighted
MRI (TR = 3500 ms; TE= 110 ms; FOV= 256 mm× 256 mm; matrix
size= 256 × 256) and (ii) single-shot echo-planar DTI (TR= 7000ms;
TE=56ms; ﬂip angle=90°, FOV=200mm×200mm;matrix size=
64 × 64). For T2-weighted MRI, 50 axial slices with 2.0 mm thickness
were acquired parallel to the anterior–posterior commissure line. Two
T2-weighted images were acquired per subject. For DTI, 40 to 50 axial
slices with 3.0 mm thickness were acquired parallel to the anterior–
posterior commissure line. Nineteen diffusion-weighted images
(DWIs) with b = 600 s/mm2 and 1 baseline with b = 0 s/mm2 were
also obtained.
All 189 neonates had the T2-weighted MRI data, while only 142 ne-
onates had the DTI data. Through visual inspection, only 122 neonates
had a good DTI data, partially because DTI was last acquired and sensi-
tive to head motion.
Cortical thickness analysis
Within individual subjects, when possible, two T2-weighted MRI
acquisitions were ﬁrst rigidly aligned and averaged to increase signal-
to-noise ratio. In cases where only one scan was acquired, data from
one scanwas used in lieu of the average axial image. The skull of the av-
eraged axial image was removed using Brain Extraction Tool (BET;
Smith, 2002). A Markov random ﬁeld model (MRF) was used to auto-
matically delineate gray matter, white matter, and cerebrospinal ﬂuid
(CSF) from the neonatal T2-weighted MRI data. The mathematical
model of MRF was detailed in Fischl et al. (2002). The MRF model has
been considered as one of robust automatic brain segmentation ap-
proaches because it incorporates the anatomical prior information ob-
tained from a manually labeled training set. In our study, our training
set consisted of twenty T2-weighted MRI data sets randomly selected
from our sample. We employed the leave-one-out validation approach
to evaluate the MRF segmentation accuracy for gray matter and white
matter. The nineteen images with the manual label were used as train-
ing sets inMRF and one imagewith themanual label was used as a test-
ing set. The accuracies of the MRF segmentation for gray and white
matter were respectively 0.793 and 0.862.
Based on the above tissue segmentation, a cortical surface was con-
structed at the boundary between gray and white matter using graph-
based topology correction algorithm (Han et al., 2002). The cortical
thickness was measured as the distance between the cortical surface






Fig. 2. Cortical parcellation.
3J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxThe cortical thickness was smoothed using the Laplace-Beltrami basis
functions on the cortical surface. For group comparison of the cortical
thickness, we employed a large deformation diffeomorphicmetricmap-
ping (LDDMM) algorithm (Zhong & Qiu, 2010) to align individual corti-
cal surfaces to the atlas that was generated based on the cortical
anatomy of the same twenty subjects (Bai et al., 2012; Joshi et al.,
2004) and transferred the thickness of each individual subject to the
atlas.
Thalamus and its substructure delineation
Preprocessing
The thalamus delineation from T2-weighted images and its accuracy
were reported in our previous study (Qiu et al., 2013). DTI data were
preprocessed as described previously (Qiu et al., 2013). Brieﬂy, as
shown in Fig. 1A, within individual subjects, DWIs were corrected for
motion and eddy current distortions using afﬁne transformation to the
image without diffusion weighting using FSL. Six elements of the
diffusion tensor were then determined using FSL, from which FA, AD,
and RD were calculated. The thalamus masks in the T2-weigted image
were then superimposed to the DWI, FA, AD, and RD images through
rigid transformation obtained between the image without diffusion
weighting and T2-weighted image using FSL. The LDDMM algorithm
was employed to align individual subjects' DTI to the GUSTO DTI atlas
(see details of the GUSTO atlas in Bai et al., 2012).
Atlas set generation
The thalamus was further delineated into ﬁve substructures accord-
ing to their connections with the frontal, precentral, postcentral, parie-
tal, and occipital, and temporal cortices (Fig. 2) using a weighted
multi-atlas label fusion method (Artaechevarria et al., 2009). As
shown in Fig. 1B, we ﬁrst constructed the atlas set that contains 20
DTI data sets randomly chosen from the GUSTO cohort. For each DTI
atlas data set, probabilistic ﬁber tracking (1000 tracts per voxel) was
performed from the left and right thalamic regions separately (Parker
et al., 2003). The probabilities of each thalamic voxel connecting to the
ﬁve cortical regions were computed as the ratio of ﬁbers connecting
them to the total number of ﬁbers. Every thalamic voxel was then la-
beled with the corresponding cortical segment with the highest proba-
bility score. This atlas set was then used in the weighted multi-atlas
label fusion method to automatically delineate the ﬁve thalamic sub-
structures (frontal, precentral, postcentral, parietal and occipital, and
temporal thalamic substructures).Fig. 1. A ﬂow chart
Please cite this article as: Poh, J.S., et al., Developmental synchrony of thal
dx.doi.org/10.1016/j.neuroimage.2015.03.039Weighted multi-atlas label fusion method
DenoteD(x) as the diffusion tensor of a subject at location x, where x
is the coordinate of a voxel in the atlas space. Denote Di(x) and Li(x),
respectively, as the diffusion tensor and label of the ith atlas data at
location x, where i = 1, 2, … , 20. We computed the invariant Log-
Euclidean distance metric (Arsigny et al., 2006) between D(x) and
Di(x) in the form of
di xð Þ ¼ log D xð Þð Þ− log Di xð Þð Þk kF ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
trace log D xð Þð Þ− log Di xð Þð Þ½ 2
q
: ð1Þ
The label of D(x), L(x), can be computed based on




wi xð Þ1 Li xð Þ¼lf g; ð2Þ
where1 Li xð Þ¼lf g is an indicator function that takes value of 1when Li(x) is
equal to l. wi(x) is deﬁned as weight estimated through
wi xð Þ ¼
1




Z(x) is a normalization term such as∑
5
i¼1
wi xð Þ ¼ 1:
We employed the leave-one-out validation procedure to evaluate
the segmentation accuracy using the 20 atlases. The segmentation accu-
racy of the thalamic substructures,measured using volume overlap per-
centage (VOP), ranges from 70% to 88%, and its average across all the
ﬁve thalamic substructures was 76%.of DTI analysis.
amocortical circuits in the neonatal brain, NeuroImage (2015), http://
4 J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxFig. 3 illustrates the segmentation results of ﬁve subjects. The mask
of the thalamic substructures of individual subjects was transformed
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Fig. 3. Thalamic parcellation of ﬁve subjects. Eac
Please cite this article as: Poh, J.S., et al., Developmental synchrony of thal
dx.doi.org/10.1016/j.neuroimage.2015.03.039volumes. The mean values of FA, AD, and RD were computed within
each thalamic substructure for individual subjects. In addition, the con-
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h row illustrates axial slices of one subject.
amocortical circuits in the neonatal brain, NeuroImage (2015), http://
Fig. 4. Statisticalmap for the development of cortical thickness. The top row shows the lat-
eral view of the cortical surface, while the bottom row shows the medial view of the
cortical thickness.
Table 1
Regional development of thalamic substructures.
Region Hemisphere Volume FA AD RD
β β β β
Frontal L 0.318⁎ 0.479⁎⁎ −0.519⁎⁎ −0.670⁎⁎
R 0.443⁎⁎ 0.329⁎ −0.537⁎⁎ −0.645⁎⁎
Precentral L 0.216 0.259 −0.478⁎⁎ −0.508⁎⁎
R 0.270 0.028 −0.452⁎⁎ −0.388⁎⁎
Postcentral L 0.133 0.118 −0.495⁎⁎ −0.539⁎⁎
R 0.111 0.183 -0.262 −0.500⁎⁎
Parietal and occipital L 0.308⁎ 0.206 −0.385⁎⁎ −0.632⁎⁎
R 0.128 0.213 −0.206 −0.458⁎⁎
Temporal L 0.197 0.280 −0.388⁎⁎ −0.501⁎⁎
R 0.183 0.364⁎ −0.443⁎⁎ −0.572⁎⁎
β is the standardized β value derived from linear regressionwhile controlling for adjusted
birth weight, gender, and ethnicity. Abbreviations: FA—fractional anisotropy; AD—axial
diffusivity; RD—radial diffusivity.
⁎ p b 0.005.
⁎⁎ p b 0.001.
5J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxcomputed based on themean values of FA, AD, and RDwithin themasks
containing ﬁbers connecting between the thalamic substructures and
their corresponding cortical regions. These masks were generated
based on the 20 atlas DTI data sets and their probabilistic tractography
in the atlas space.
Statistical analysis
Student's t-test was used to examine gender differences in the
gestational age, postmenstrual age at the MRI visit, and birth weight.
Linear regressions were fused to examine the developmental
pattern of cortical thickness in the early postnatal life using SurfStats
software (Chung et al., 2010). Postmenstrual age at theMRI visit was in-
cluded as amain factor. Gender, ethnicity, and birth weight adjusted for
gestational age were included as covariates in the regression model.
Statistical results at each surface vertex were corrected for multiple
comparisons at the cluster level of signiﬁcance (p b 0.05). The signiﬁ-
cance of each cluster was determined based on random ﬁeld theory
given in Chung et al. (2010).
Linear regression was further performed to examine the effect of
postmenstrual age on structural volumes and DTI measures of the
thalamic substructures and their connectivity. Gender, ethnicity, and
birth weight adjusted for gestational age were included as covariates
in the regression model. Bonferroni correction was used for the adjust-
ment of the p-value for individual MRI measurements and hence the
level of signiﬁcance for individual tests was 0.005 (5 thalamic substruc-
tures and both cerebral hemispheres).
Results
Sample and demographic characteristics
Among the 122 subjects with good DTI data, this study further
excluded subjects who had birth weight less than 2500 g (n = 5),
gestational age less than 35 weeks (n= 0), and APGAR score less than
9 (n= 2). In addition, subjects whose thalamic substructures were be-
yond 3 deviations from their mean values were excluded (n= 15), as
well as thosewith analysis errors (n=9). Hence, the ﬁnal study sample
for the thalamus substructures included 49 males and 42 females (n=
91).
The ethnic composition was 37 Chinese, 38 Malays, and 16 Indians.
The mean postmenstrual age at the MRI visit was 38.63 (standard
deviation, SD = 1.21) weeks. There were no gender differences in the
gestational age at birth (male, 38.45 ± 1.231 weeks; female, 38.85 ±
1.150 weeks; p = 0.111), postmenstrual age at the MRI visit (male,
39.86 ± 1.241 weeks; female, 40.25 ± 1.234 weeks; p= 0.142), birth
weight (male, 3173.16 ± 362.038 g; female, 3104.02 ± 356.563 g;
p= 0.363), or ethnicity (p= 0.930).
Developmental pattern of cortical thickness
There is a main effect of postmenstrual age on cortical thickness.
Fig. 4 illustrates age-related increases in cortical thickness in bilateral
frontal cortex and left temporal cortex of the early postnatal brain,
especially in bilateral frontal pole, ventromedial prefrontal cortex
(vmPFC), and anterior cingulate cortex (ACC), aswell as left ventrolater-
al prefrontal cortex (vlPFC) and left superior temporal cortex.
Thalamic and thalamocortical development
As shown in Table 1 and Fig. 5, there was signiﬁcant volumetric
growth in bilateral thalamo-frontal and the left thalamo-parietal and
occipital substructures with increasing age (p b 0.005). Interestingly,
the right thalamo-frontal substructure showed greater growth than
the other thalamic substructures (p b 0.005). As age increased, FA also
increased in bilateral frontal and the right temporal substructures ofPlease cite this article as: Poh, J.S., et al., Developmental synchrony of thal
dx.doi.org/10.1016/j.neuroimage.2015.03.039the thalamus (p b 0.005). In parallel, AD decreased with age in all tha-
lamic substructures except in the right thalamo-postcentral and parietal
and occipital substructures (p b 0.005). RD also decreasedwith age in all
thalamic substructures (p b 0.001).
The growth pattern of the thalamocortical connectivity was syn-
chronized with that of the thalamic individual substructures in the
ﬁrst few weeks of the postnatal brain. As age increased, FA increased
in bilateral frontal and temporal, and the left parietal and occipital
white matter regions connected with the thalamus (p b 0.005; Table 2
and Fig. 6). There was also a decrease in AD in all but bilateral temporal,
and both the left frontal and parietal and occipital regions connected to
the thalamus (p b 0.005; Table 2 and Fig. 6). A decrease in RDwas found
in all but the left frontal and right temporal regions connected to the
thalamus (p b 0.005; Table 2 and Fig. 6).
Discussion
Our study integrated the structural MRI and DTI data and demon-
strated the ﬁrst evidence of the development of the cortex, the thalamicamocortical circuits in the neonatal brain, NeuroImage (2015), http://
Fig. 5. Scatter plots of the volume, fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD) of individual thalamic substructures against postmenstrual age.
6 J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxsubstructures, and their connectivity in the early postnatal brain. Our
study observed increases in cortical thickness of the bilateral frontal
and left temporal cortices in the ﬁrst few weeks of life. In addition, the
development of the thalamic substructures is synchronized with that
of the cortex and their corresponding thalamocortical connections in
the ﬁrst few weeks of the postnatal life. In particular, the right
thalamo-frontal substructure had the fastest growth in the early postna-
tal brain.
Our study suggested the fast development of cortical thickness in the
prefrontal and temporal cortex in the ﬁrst fewweeks of life. These ﬁnd-
ings are in line with the previous ﬁndings on the cellular and functional
development of the cortex. The prefrontal cortex undergoes the largest
synaptic overproduction, while the synapse elimination of the prefron-
tal cortex takes in place at the slowest rate in the early postnatal brainPlease cite this article as: Poh, J.S., et al., Developmental synchrony of thal
dx.doi.org/10.1016/j.neuroimage.2015.03.039(Huttenlocher&Dabholkar, 1997; Petanjek et al., 2008, 2011). Both pro-
cesses can be extended to the third decade of life. This merges with the
idea that the emergence and elaboration of the prefrontal function in
the human appear to occur at different ages. The functional develop-
ment of the prefrontal cortex, such as executive functioning, may be
gradually developed in the course of its synapse overproduction and
synaptic elimination (Li et al., 2006; Zhong et al., 2014). In addition,
the superior temporal cortex also undergoes synaptic overproduction
and pruning in early life. However, our study suggested that the left su-
perior temporal cortex grows even within the ﬁrst few weeks of life as
compared to the right, which is in line with the development of func-
tional needs. Infants aged between birth and10months showed a great-
er sensitivity to speech stimuli in the left temporal cortex than in the
right in auditory evoked responses (Molfese et al., 1975).amocortical circuits in the neonatal brain, NeuroImage (2015), http://
Table 2
Regional development of thalamocortical connectivity.
Region Hemisphere FA AD RD
β β β
Frontal L 0.509⁎⁎ −0.177 −0.299
R 0.547⁎⁎ −0.374⁎⁎ −0.533⁎⁎
Precentral L 0.257 −0.498⁎⁎ −0.582⁎⁎
R 0.219 −0.488⁎⁎ −0.548⁎⁎
Postcentral L 0.215 −0.508⁎⁎ −0.611⁎⁎
R 0.240 −0.434⁎⁎ −0.545⁎⁎
Parietal and occipital L 0.421⁎⁎ −0.267 −0.491⁎⁎
R 0.272 −0.375⁎⁎ −0.494⁎⁎
Temporal L 0.354⁎ −0.189 −0.388⁎⁎
R 0.359⁎ −0.027 −0.261
β is the standardized β value derived from linear regressionwhile controlling for adjusted
birth weight, gender, and ethnicity. Abbreviations: FA—fractional anisotropy; AD—axial
diffusivity; RD—radial diffusivity.
⁎ p b 0.005.
⁎⁎ p b 0.001.
7J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxFurthermore, our ﬁndings on the cortical thickness provided novel
evidence of the brain's morphological development, adding to the
existing evidence on the cortical folding pattern at the neonatal period
(Hill et al., 2010). The lateral temporal and frontal cortices are highlyFig. 6. Scatter plots of the fractional anisotropy (FA), axial diffusivity (AD), and radial di
Please cite this article as: Poh, J.S., et al., Developmental synchrony of thal
dx.doi.org/10.1016/j.neuroimage.2015.03.039convoluted and expanded in terms of the cortical area even at birth,
whichpersists to later life (Hill et al., 2010). An increase in cortical thick-
ness in the neonatal stage may be mainly due to greater synaptic over-
production than synaptic pruning. In contrast, an increase in cortical
folding could be due to the dentritic length and dendritic spine density,
which enhances the cortico-cortical and cortico-subcortical connec-
tions. Hence, the cortical thickness measurement adds an additional di-
mension for understanding the cortical morphology.
Our study supports the idea on the synchronized development of the
thalamic substructures and their cortical connectivity in the early post-
natal brain. In the ﬁrst few weeks of life, the thalamo-frontal and
thalamo-parietal and occipital substructures grow in terms of their
sizewith potentialmembrane proliferation and ﬁbermyelination, as in-
dicated by increased FA and decreased AD and RD values (Dubois et al.,
2008). Our study adds on by showing that there is also a similar growth
pattern of increased FA and decreased AD and RD values in the white
matter regions connecting the thalamus with the frontal, parietal, and
occipital cortices. In particular, our study showed that the fastest growth
occurred in the right thalamo-frontal substructure in the early postnatal
brain, which was also shown in preterm infants (Eaton-Rosen et al.,
2014). Furthermore, the thalamo-precentral, postcentral, and temporal
substructures grew in parallel with their corresponding thalamocortical
whitematter regions in the ﬁrst fewweeks of life, albeit only in terms offfusivity (RD) of individual thalamocortical connectivity against postmenstrual age.
amocortical circuits in the neonatal brain, NeuroImage (2015), http://
8 J.S. Poh et al. / NeuroImage xxx (2015) xxx–xxxpotential membrane proliferation as indicated by decreased AD and RD
values. Altogether, theseﬁndings are in linewith evidence of the cortical
development from this and previous studies, that is, the frontal and
temporal cortices develop relatively more quickly than other brain re-
gions in the early life (Gilmore et al., 2012). Together, these ﬁndings
support the tension-based theory of morphogenesis proposed by van
Essen, which can account for the synchronized development of different
brain regions in terms of their connectivity (Hill et al., 2010; Van Essen,
1997). Our study showed that the thalamic substructures and their cor-
responding thalamocortical white matter regions have pronounced an-
isotropies in the orientation of axons and dendrites. During the cerebral
growth, tension along the axons acting together pull strongly on the
thalamic substructures and their corresponding cortical regions to-
wards one another, while allowing weakly connected regions to drift
apart. In addition, such distinctive thalamocortical connectivity patterns
are responsible for stimulating their simultaneous growth in early life.
There are several concerns on tractographic analysis of the neonatal
brain. In the neonatal brain, the white matter is largely unmyelinated
and hence has low diffusion anisotropy. This could cause potential ter-
mination of ﬁber tracking in tractography, especially in the peripheral
white matter region (region close to the cortex). To overcome this
issue, our study employed theweightedmulti-atlas label fusionmethod
(Artaechevarria et al., 2009) to avoid the application of tractography on
individual data sets but only on the training data sets.
In summary, this study provides the evidence on the developmental
pattern of the cortex, the thalamic individual substructures, and their
corresponding cortical connectivity in normal Asian neonates. The de-
velopmental pattern of the cortex in the ﬁrst few weeks after birth
can be characterized based on cortical thickness. In addition, the devel-
opmental pattern of the thalamic substructures in the ﬁrst month after
birth can be characterized as a robust increase in volume and anisotro-
py, aswell as a decrease in both axial and radial diffusivities. The growth
of the thalamic substructure is in synchrony with that of the cortex and
their respective projections into the cortex. These ﬁndings are comple-
mentary with existing ﬁndings in the normal brain development of
early infancy.
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